Comfort is an important topic in the elevator industry, and among the different factors which affect it, vibration in the car is one of the most important. Passengers not only perceive this phenomenon as an unpleasant effect, but also as a signal of the elevator safety level, and therefore it is of great importance to mitigate it. Although mature technologies are available for reducing vibration in low speed elevators, the increased number of high buildings and sky-scrappers, forces the development of new technologies for medium and high speed elevators. Active vibration control techniques are widespread used for damping vibration in different industrial environments, but their application to the elevator industry normally imply expensive solutions, with bulky and heavy actuators which highly burden its application. As alternative, the cheaper and lighter semi-active vibration systems based on passive elements capable of modifying their properties in response to external commands represent an appealing option. In this paper, we describe a design method for a semiactive roller guide based on a commercial magneto-rheological damper. Different control strategies based on low cost acceleration sensors are also analyzed.
Introduction
Vibration is an important problem in the elevator industry, affecting, not only the perception of the user with regard to the system safety and comfort, but also and most important, the system performance and reliability, as it affects the mechanical integrity of the different elements in the elevator and it can result in failure modes caused by fatigue. These effects are boosted in the new generation of medium to high speed elevators (>2.5 m/s), gaining special attention in the last years with the development of important and singular projects, with velocity values well above 8 m/s.
The origin of these vibrations can mainly be traced down to [1] : low frequency oscillations from the suspension cables [2] or an asymmetric load placing; or high frequency oscillations due to the guide rails, aerodynamic turbulence around the car or the movement of the passengers inside the cabin. Different methods have been developed for mitigating the vibrations, but two approaches are generally distinguished: passive and active vibration control. The first one relies on the use of passive elements, in the sense that they cannot enter energy into the system, for damping the oscillations. These elements are typically springs, dampers or even extra masses rightly placed. In contrast to this approach, active vibration control systems use actuators which can increase the energy level in the system. In the literature, interesting active approaches can be found using different types of actuators and strategies: roller guides isolation systems based on magnetic actuators are described in [3] , linear actuators are selected for the same sort of application in [4] . Apart from isolation damping systems, [5] use an active mass damping vibration absorber. The performance of active systems is normally much higher than the passive ones, being capable of eliminating the resonant behaviours without affecting the mitigation at higher frequencies and not too much reducing the stiffness of the system, but they are expensive, requiring high power density actuators, and a wrong design can result in system instabilities. For these reasons, the active vibration control systems are currently restricted to singular implementations or high cost elevators.
Semi-active vibration control is an intermediate solution between active and passive vibration control. It can react in real time conditions, but it does not enter energy in the elevator, therefore avoiding instability issues.
Currently there are different systems of active and semi-active vibration control for elevators. Mitsubishi shows an active vibration control device in the patent US6786304B2 [6] . The concept shows a roller guide device for an elevator in which a pair of corresponding actuators are commanded by controllers in accordance with information from acceleration sensors, and the pressure force against guide rails is dynamically adjusted. Each controller includes a current amplification device and diodes. The diodes selectively output signal from the current amplification device to the pair of actuators.
OTIS shows a semi-active vibration control device in the patent WO2005044710A1 [7] . The patent shows a roller guide device, which selectively modifies the stiffness between guide and roller for dampening the lateral movements when the elevator car assembly moves through a hoistway. The dampers use magnetorheological fluids whose properties change due to the magnetic field by an electromagnet for changing the viscosity of the fluid and the resulting stiffness of the dampers.
In the present paper, we propose a cost effective semi-active roller guide concept, and its design methodology. The proposed system makes use of magnetorheological dampers in place of their passive counterpart [8] , because of their capability for real time adaptation to the ride conditions, therefore improving the performance of passive approaches [9] . Compared to the OTIS concept in the patent WO2005044710A1, which is based on a dampers specifically designed for the application, the present work uses commercially available magnetorheological dampers that can be mounted in a modular way. Apart from that, compared to that patent, the present design is not intended to modify the stiffness of the system, but to modify the effective mass of the car by using an acceleration feedback law. As the acceleration measurement can be obtained with very low cost sensors, the proposed solution simplifies the design and minimizes the material costs.
The present paper is divided as follows: in section 2, the design is described; the virtual and experimental validation appears in section 3; and finally, the conclusions and future lines of continuations are explained in section 4.
System Design
The prototype of an elevator with semi-active roller guides has been developed using commercial elements for reducing the cost of the device. The design contemplates two main elements: -Hardware design: an existing roller guide is used as a basis for the design and is modified to include semi-active roller guides. -Control design: the roller guide has to modify its behaviour in response to the rolling conditions. To do that, several control strategies are evaluated with special attention to minimizing the number of sensors required. Figure 1 shows the design of the prototype roller guide. The semi-active device is installed in the two lower roller guides of the car, remaining the upper ones passive. This location is close to the standing area of passengers and therefore controlling the lower devices reduces the perceived oscillation and results in a direct improvement in the comfort. As can be observed in the Figure 1 , each roller guide includes three magnetorheological dampers in parallel to the standard springs. This fluid has magnetic particles in suspension which get aligned by the effect of an external magnetic field. This variation results in a change of the fluid viscosity. The magnetic field is normally controlled using electromagnets, so that the damping characteristics of the shock absorber can be continuously controlled by varying the current through the electromagnets. These types of dampers do not supply energy to the system, and only dissipate energy depending on the effective viscosity of the fluid, which is adjusted by the controlled magnetic field. For this reason, this solution is referred to a semi-active damping system. As previously indicated, these devices are controlled using current commands, and therefore three local controllers are embedded in the system for each damper. The plots presented in Figure 1 (at the right), show the forcespeed curve of one damper. As it can be seen, an increase in the current results in a variation in the amplitude of the damping force (static friction), and the slope with the speed (viscous friction).
Hardware design
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Control design
The semi-active dampers admit a closed loop control, which permits the behaviour adaptation in real time conditions for improving the performance of the overall system.
Compared to active vibration control, the semi-active approach does not permit so high improvements but:
-it does not suffer from instability problems, -its implementation costs are much lower.
The main limitation of the semi-active elements is that they can only dissipate energy, and this effect is taken into consideration when designing the control algorithm. The latter is designed as if an active actuator were used with capabilities for entering and dissipating power (from now on, reference controller) In operation, the damping level is adapted according to the dissipation requirements calculated by the reference controller, and reduced to a minimum value when the controller asks for a positive power transmission to the system . For this reason, these sorts of strategies are normally defined as clipped. To summarize, two control conditions can appear:
-Closed loop: if the system should dissipate energy, the damping coefficient is adjusted accordingly. -No control: if the system should enter energy in the system, the damping level is reduced to a minimum value.
A magnetorheological damper is controlled by algorithms specifically designed for the final application. There are many alternatives depending on the signal used for the feedback law, such as skyhook or ground-hook algorithms [2] . In our case, taking into account the type of sensors that are 
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Dynamics and Control of Technical Systems normally present in an elevator, we have identified the most interesting ones considering the simplicity of its implementation and associated hardware costs.
For the evaluation of the different control options, the simplified 1-D model in Figure 2 is used. In the figure, the elevator cage is simulated as a mass M between connected to the guides by spring and force actuators, which represent the roller guides. In the model, the position of the guides changes as variations in x r1 and x r2 . The control algorithms that have been evaluated are:
• Adjusted stiffness: the damper maintains a low stiffness value most of the time, only increasing it if the acceleration level exceeds a certain level for avoiding dead-end collisions:
This control strategy is focused on avoiding impacts in harsh operating conditions, but filtering most of the vibration bandwidth in normal operation using soft springs.
• Discrete sky-hook: the controller implements a classical sky-hook algorithm, only actuating when the damper dissipates power, remaining the current low in other conditions:
The controller behaves as a virtual damper. g is a positive constant, and x ri is the deformation of the guide i, for i=1,2 ( Figure 2 ).
• Discrete on/off: similarly to (2) but in this case with constant feedback values:
This alternative tries to maximize the damping effect when dissipation occurs. I max is the maximum current defined for the controller.
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• Speed feedback: the switch conditions in (2) are slightly modified:
This option was evaluated just because it avoids the second integration in speed present in the options (2) and (3). g v is a positive constant.
• Acceleration feedback: this controller is equivalent to the sky-hook, with the difference of responding to the acceleration value. Like in that case, the switching condition is also based on the damper dissipating power or not.
As the control command is proportional to the acceleration, the effect is similar to instantaneously modifying the mass of the vehicle. g a is a positive constant.
Compared to other control algorithms, the acceleration feedback is especially appealing because on the one hand, it modifies the effective resonance frequency of the system as it exerts a force proportional to the mass; and, on the other hand, the acceleration signal can be directly extracted from effective accelerometers already present in the car frame, and be entered in the control signal with minimum post-processing as no integration is required. In consequence, the cost of required hardware can be maintained low.
Although the control law requires an estimation of the compression/extension value in the actuator, as only the sign of the variation is needed, the value can be easily obtained by using low cost position sensor and comparing the measurement at consecutive time steps. Figure 3 shows the response of the system to the different control algorithms above using the simulation model in the figure 2. 
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Taking into account its simpler implementation, as it utilizes the already existing acceleration sensor in the car, and it does not require any integration operation which could result in numerical errors, the acceleration feedback algorithm is chosen for the implementation.
System Validation
The performance of the design is evaluated in two different ways:
• Using computer simulation models.
• Using experimental tests on a real elevator.
Virtual validation
The virtual validation is arranged using a complete 3D model of the vehicle implemented in the simulation software Matlab Simulink and the SimMechanics toolbox. The model is presented in Figure 4 . The model represents the cage using certain mass characterized by its mass and 3D inertia matrix. The connection with the guides is arranged by 3D models of the roller guides including the dampers and the springs. These models include a description of the magnetorheological dampers adjusted by experimental characterization. Figure 4 for the same perturbations is used for comparing the performance. As observed, the installation of the dampers already mitigates the oscillation, but improved performance is achieved when the closed loop control is applied. In the first two cases, the inclusion of dampers increases the viscosity of the system reducing the amplitude of the oscillations. However, these approaches have very low damping values due to the properties of the dampers, and also suffer from high static friction observed in Figure 1 . These two effects are avoided in the semi-active approach.
Applied Mechanics and Materials Vol. 706
Figure 5: Virtual validation of the system.
Experimental validation
The designed roller guides have been implemented in a prototype elevator as it can be observed in Figure 6 . For the experimental validation the angle of the dampers has been modified for increasing the torque exerted and maximizing its effect in the vehicle performance. Due to limitations of the control software at the prototype phase, the system is working with constant current. The implementation of the previously described control algorithms will be arranged in further steps of the project. Figure 7 shows the reduction of oscillation obtained when the damper is installed and different current levels are adjusted. As observed, the dampers reduce the oscillation level independently of the current level. This is caused by the device being in open loop conditions and the damping slope (see Figure 1 ) being only slightly affected by the current.
As observed, the experimental results match the conclusions draws in the virtual evaluation. 
Conclusions
The present paper describes the activities developed during the design and validation of a semiactive roller guide system for high speed elevators. The objective is the development of a system that could be implemented in cost-sensitive projects. For accomplishing this task, all the materials used are commercially available, and the number of components has been maintained at a minimum level. The proposed design includes three magnetorheological dampers in a three-axis roller guide and the effect of different control strategies has been evaluated with similar performances, being finally selected an acceleration feedback loop for the final implementation in the prototype. Compared with other options, the acceleration feedback allowed the utilization of low cost sensors.
The proposed system has been validated both using computer simulation models, and a real prototype. In the first case, the effect of the control algorithm has been evaluated. In the second case, the validation has been limited to open loop conditions due to limitations in the control hardware. In both cases, the installation of the dampers shows an important reduction of the oscillation level in the vehicle.
As future lines of activity, the closed loop control will be implemented in the prototype hardware for real time experimental validation and the prototype design will be improved for adapting it to series production. 
